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I. INTRODUCTION
It is understood that RF MEMS technologies are emerging rapidly in the wireless communications field. It has been largely demonstrated that this type of technology will allow to improve the performance of a number of existing circuits such as varactor, filter, phase shifter, impedance synthesizer... furthermore, this technology will enable the creation of innovative component having more than one functionality such as reconfigurable circuit and/or antenna. This capability is the most important advantage in term of implementation at the industrial level. Nevertheless, at this stage a lot of issues still have to be solved in term of technology yield, reproductibility, reliability, power handling and packaging. Among these issues, the reliability and the packaging are the most crucial as today the situation is not clear and the reliability behavior exhibited by the RF MEMS devices are slowing down their implementation at the industrial level. Despite a lot of works already done in this area, there is a lack of information concerning the degradation mechanisms, the factors to accelerate them in order to have some safety area definition as in conventional Integrated Circuit technology. Today, the most popular method to evaluate the relaibility of a moveable RF MEMS like a switch deals with cycling processes that are in our point of view not reprensatative of the "real world". In this paper, we will outline the results that have been already presented concerning the reliability behavior of RF MEMS devices and circuits and we will try to give some issues in order to better address the reliability performances and/or to improve their reliability behavior.
II. OVERVIEW OF RF MEMS TECHNOLOGY
The first technological developement of MEMS has been actually related to low insertion loss filter. One way to overcome the substrate limitations has been firstly developped by L.Katehi [1] consisting to use bulk micromachining techniques in order to insure a quasi free space behavior. Using this technology, P.Blondy et al have demonstrated very impressive filter performance at 60 GHz [2] . Other extensive works have been done in this field and they can be found in [3] .
The other key component is the micro switch that will replace the conventional p-i-n diode or FET based switches. The first demonstration of an electromechanical switch has been done by C. Goldsmith in 1995 [4, 5] . Two kind of switches exist, capacitive and resistive switches.
Several different designs with outstanding RF performance have been previously developped [6] [7] [8] [9] that typically rely on electrostatic or thermal actuation mechanisms. Moreover, in all cases the actuation force is also used as the contact force between the two metals of the DC contact. The main drawback of this topology is related to the fact that an over drive voltage is necessary to minimize the insertion loss. In order to overcome this drawback, an original approach has been proposed by D.Peroulis et al [10] . It consists by a de-coupling between the actuation and the contact forces and by taking advantage of the gradient stress effects. Using this topology, they have shown impressive insertion loss performance in the 0.1-0.2 dB range up to 40 GHz. Nevertheless, this kind of structure is lacking from reliability properties specifically concerning the dielectric that is used to prevent from stiction effects. Finally, a specific "cold" process has been developped by Yongming Cai and Linda Katehi [11] using parylene layer as a sacrificial layer. This process is CMOS compatible which opens the route to Monolithic Microwave MEMS In the case of a capacitive switch the insertion losses are driven by the on state capacitance. It means that the switch properties will be driven by the properties of the dielectric shorting the RF signal. We have to separate two kind of behavior as the device can operate when no RF signal is present (i.e it is called cold switching) or when RF signal is present (i.e it is referred as hot switching). It has been demonstrated that the reliability behavior is totally different following the way of switching [12] . For instance, for cold switching device, the main failure problem is attributed to RF self actuation failure (actually the self actuation voltage is decreasing) when for hot switching device, the main factor of degradation is related to a latching failure (i.e the RF signal provide enough force to hold the switch down). Antother very sensitive aspect of the shunt capacitive switch deals with the dielectric morphology that has a strong impact on the Con/Coff ratio. It has been demonstrated by CH.Chang et al [13] that high density inductively coupled plasma chemical vapor deposition produces better results compared with more conventional PECVD process in term of roughness and breakdown voltage. We have to outline that this process operates at very low temperature making possible its compatibility with IC process. To continue with the switch reliability improvement, some works have shown that Atomic Layer Deposition technology was a good solution to overcome stiction problems [14] In order to emphasize the compatibility with IC process specially CMOS, D.Balaraman et al [15] have developped a cold process using copper metallization featuring insertion loss of 0.9 dB and isolation of 25 dB at 40 GHz.Finally, it has been demonstrated by Y.Liu et al [16] that using BST dielectric resulted to 10 dB improvement of the isolation compared to conventional SiNx layer. Concerning the improvement of both the insertion loss and the isolation a solution has been proposed by K.Grenier et al [17] that consists to have the switch air suspended through a dielectric membrane.
III. EXPERIMENTAL TEST SET FOR RELIABILITY INVESTIGATION
Two issues are important. The first one deals with the stress methods that will be applied on the devices and the second one addresses the measurements methods to evaluate the device's sensitivity to the corresponding stress. Concerning the stress methods, we can list the temperature, the mechanical vibration, RF power, DC voltage and/or current, radiations, humidity and gasses. Concerning the instrumentation needed to evaluate corresponding the impact on the device characteristics, conventionnal techniques such as microscopy, IR-microscopy, AFM, SEM, FIB, X-ray are often used [18] . Furthermore, additional test set are needed such as optical monitoring system, electrical life time test set and optical profilometry system under different humidity rate and gasses environment.
Concerning the electrical test set equipment most of the test set monitor the DC or the low frequency quantities such as the contact resistance or the on state or off state capacitance. We have developped a dedicated test set that will monitor the microwave characteristics in order to check in an early degradation mechanism could be identified through microwave measuremenst (i.e loss tangent parameter degradation or ohmic losses degradation). The other reason deals with the necessity to evaluate the reliability behavior in the frequency range of the targeted application. Figure 1 shows the block diagram of the test set that has been developped. The test set is divided in three parts. The first one deals with the actuation control of the RF MEMS. This part is composed of a pulse generator and a DC supply which provide programmable square signals with frequency ranging from 1Hz to 1MHz and variable actuation voltage up to 100V. Another advantage of this configuration is the facility to cycle the device with positive and negative bias alternatively. Finally, a multimeter is monitoring an eventual dielectric failure.
A vector network analyser (VNA) is used to monitor the dynamic behavior of the device up to the millimeter-wave range. The VNA is alternatively configured in CW power source or in S parameter measurement thanks to a 3dB coupler and an appropriate control routine.
This operation mode associated to the last part of our test set (RF power detector, digital oscilloscope, counter and failure detector) allows the evaluation of the dynamic performances of the switch (Ton, Toff) and also, for repetitive actuations, its reliability in term of microwave performances degradation with respect to the number of cycles. The failure detection block is composed by the RF power detector, associated with an in-house electronic circuit in charge of the detection of any failure IV RELIABILITY RESULTS First reliability tests have been performed on dielectric membrane. For example, mineral membranes from 2mm x 2mm to 2mm x 6mm exhibit a breaking pressure greater than 1 bar. For 4mm x 5mm and 5mm x 10mm the breaking pressure is respectively close to 0.67 and 0.53 bar. Up to 250-temperature cycles (-30°C to 150°C) have been also performed without any membrane destruction.
Resonant frequencies of mineral and organic membrane have been characterized. Figure 2 presents an example of the fundamental mode obtained by optical profilovibrometer ZoomSurf 3D developed by Fogale Nanotech [19] . The typical value of this resonant frequency is around few tens of kHz, which is higher than frequency requirements for vibration tests in spacial specifications. These tests have been performed between 20 and 140 Hz with 30g without any membrane breaking failure. Another quantity play an important role which is related to the roughness and the corresponding strain within the device. Using evaporated or electrolytic metallizzation will turn into different behavior as evaporated metallization will feature a better roughness but a higher strain. So it will be important to compromise the roughness and the strain within the structure. The next point deals with the temperature dependence with respect to the microwave performance. We have conducted microwave measurements with respect to different temperatures on MEMS based filter and we have observed a change in the resonance frequency which has been correlated with some strain modification. More results concerning the fixed MEMS based components will be given at the conference. We will now present some results concerning the moveable devices (i.e resistive and capacitive switches). The first point deals with the strain in the moveable part which can turn to a buckling effect. This effect could be related to the technology itself and/or to the ambient environment (i.e temperature). It is important to well monitor the stress and to well control the stress during the technological process and also to ensure that the switch topology will not be too sensitive to the temperature variation. Concerning the resistive switch the main problem is related to the modification of the contact resistance which in turns to a modification of the microwave behavior. Concerning the capacitive switch, the situation is more complex and is mainly related to the dielectric behavior with respect to the high electric field used to actuate the device. Preliminary results have shown that the high electric field is responsible for trapping, tunneling and resulting failure of the device. One equation can be used to describe some mechanism related to Frenkel Poole emissions [20] . This equation shows that the degradation mechanism is dependent of the actuation voltage, the barrier height, the temperature, the residuyal charge, and the film characteristics. Today, all the results presented exhibit a modification of the dielectric characteristics which in turns to screening effect or stiction effect. Note that sometimes these effects are recoverable. An example of degradation mechanism is presented in figure 3 . We have first applied a positive stress bias during 30min and 60min. The results are presented in Figure 2 . The first comment suggested by the curves is related to a modification of the actuation behavior of the switch during the stress experiments. The results indicate a positive drift of the threshold voltages which is relevant with the presence of a remaining electric field across the dielectric. From 0V to +30V, the drift is related to a screening effect of the external field by the remaining internal one. From -30V to 0V, the two electric fields are in the same direction which in turns to a decrease of the absolute value of the threshold voltages. Furthermore, it is shown that the degradation mechanism is accelerated by the stress time. In order to get a better understanding of the degradation mechanism, we have applied a similar procedure featuring a negative stress bias for 30min and 60min to check an eventual recovering behaviour. we observed a negative drift of the threshold voltages which demonstrates a certain level of recovery. We have compared the threshold voltages before the DC stress and after a positive followed by a negative stress and the results indicate that the recovering effect is not complete. Actually, we have observed that the negative stress turns out to a larger degradation mechanism which probably indicates that the dielectric is more sensitive to the negative stress than to the positive one. Another possibility could be a difference between the charging and releasing time of the dielectric. Finally, we have done some cycling experiments at a frequency of 5 Hz and we have observed that in some case we could have two stictions effect. One occured after 300000 cycles which corresponds to a bridge position in between the on and off state and a second stiction effect around 1 Million cycles. We also have observed that sometimes, there is some recovery effect during the cycling process which is probably associated with some charges evacuation. Concerning the cycling process, it is now understood that it is not the right mean to assess the reliability of the device as the cycling frequency is a key parameter when trapping effect are involved. I.De Wolf [21] has shown that the key parameter was the contacting time of the upper membrane with the dielectric. We have furthermore observed that the way the dielctric is deposited is playing an important role in term of residual charges and of accumulated charges. More results will be given at the conference. IV CONCLUSIONS This paper outlines the reliability properties of MEMS based devices and circuits. We have shown the experimental test set that have to be used to assess the reliability behavior. Concerning the resisitive switch the main problem is related to the contact resistance when dielectric charging is the factor limitating the reliability of capacitive switches. Concerning the solution preconized to improve it. We can propose to have thicker dielectric but in this case, we will have to use higher permittivity material to insure similar isolation or to modify the topology of the switch. Another solution deals with separation of the actuation electrode and the RF electrode. Another solution is to optimise the dielectric properties with respect to the residual and accumulated charges. But we are convinced that an important solution could be related to an appropriate design topology. For instance a double electrode structure will turn to a distribution of the actuation voltage and then will turn to a smaller electric field applied to the dielectric resulting to an improved reliability behavior. Another solution could be to use different actuation method (thermal or magnetic) that are featuring lower electric field. Finally, there is some applications where it will be easy to have a great reliability behavior. In a case of an SPDT for redundancy applications, we will show a topology featuring a high degree of reliability. We want to conclude by saying that reliability behavior of RF MEMS is at this time mainly related to the youngness of this type of technology.
